what is known already: Cellular fragmentation is often utilized as one of the morphological parameters for embryo quality assessment. The amount of cellular fragments is considered to be an important morphological parameter for embryo implantation potential. It has been hypothesized that fragments are apoptotic bodies or anuclear cytoplasmatic pieces of blastomeres, although no definitive conclusion has been drawn about their pathogenesis. study design, size, duration: Human fertilized oocytes were individually cultured from Day 1 to Days 2 and 3. A total of 800 samples (166 spent media from Day 2 and 634 from Day 3) were enrolled into the present study.
Introduction
Fragmentation is a common feature of in vitro fertilized human embryos (Pereda and Croxatto, 1978; Sundströ m et al., 1981; Trounson and Sathananthan, 1984; Sathananthan et al., 1990; Alikani et al., 1999) . A fragment is defined as an extracellular membrane-bound cytoplasmic structure that is ,45 mm diameter in a Day 2 embryo and ,40 mm diameter in a Day 3 embryo (Johansson et al., 2003) . Video time-lapse microscopy suggests that fragmentation frequently occurs as early as the first mitotic division, although it is not restricted to that division (Van Blerkom et al., 2001; Mio and Maeda, 2008; Meseguer et al., 2011; Chavez et al., 2012; Meseguer et al., 2012) . Embryos can present a mild degree of fragmentation or wide-ranging fragments involving entire blastomeres. When severe fragmentation (.25%) occurs, the visible result is usually reduced cell volume and increased disorganization in the embryo (Pereda and Croxatto, 1978; Alikani et al., 1999; Ebner et al., 2001; Van Blerkom et al., 2001; Hnida and Ziebe, 2004) . These changes can lead to reduced blastocyst formation, and if blastulation occurs, to physical interference with the normal hatching process or to impairment to the allocation of cells during differentiation (Hardy et al., 2003) .
Since widespread fragmentation is often associated with genetic abnormalities, i.e. aneuplody and mosaicism (Sathananthan et al., 1990; Pellestor et al., 1994a,b; Munné et al., 1995; Ebner et al., 2001; Chavez et al., 2012) , it has been hypothesized that fragmentation is the manifestation of a defective embryogenesis. Alternatively, cytoskeleton and spindle defects may cause both chromosome aberrations and fragmentation.
Among the hypotheses proposed to explain the origin of fragmentation in embryos, a major emphasis has been placed on programmed cell death or apoptosis (Dawson et al., 1995; Jurisicova et al., 1996) . Increased annexin V staining, an early marker of apoptosis and terminal deoxynucleotidyl transferase-mediated X-deoxyuridine triphosphate nick end labeling (TUNEL) staining have been shown in fragmented embryos (Jurisicova et al., 1996; Levy et al., 1998) . Nonetheless, none of these findings conclusively shows that fragmentation represents apoptosis, though they demonstrate that apoptosis can occur in human embryos (Hardy, 1997) . Indeed, both arrested and developing embryos contain varying proportions of cells with the classic features of apoptosis, including DNA fragmentation (Hardy et al., 1989; Dawson et al., 1995; Munné et al., 1995; Jurisicova et al., 1996) . A more plausible hypothesis is that apoptosis occurs selectively as a consequence of fragmentation (Antczak and Van Blerkom, 1999) .
Alternatively, fragmentation could result in loss of whole blastomeres, loss of cytoplasm from individual blastomeres or both, and deplete the embryos of essential organelles (Pereda and Croxatto, 1978; Lehtonen, 1980; Ebner et al., 2001) , such as mitochondria. Consistent with this, fragmented embryos may have lower mitochondrial DNA (mtDNA) levels (Lin et al., 2004) and a different mitochondrial distribution pattern compared with non-fragmented embryos (Wilding et al., 2001) . This pattern may be linked to reduced adenosine triphosphate content and reduced developmental potential (Van Blerkom et al., 1995) .
Fragmentation is a dynamic phenomenon and fragments often disappear during embryo cleavage. The mechanism of this process is not clear since some authors have reported that fragments disappeared because of resorption by neighboring blastomeres (Van Blerkom et al., 2001; Hardarson et al., 2002) , whereas others reported that blastomeres have no phagocytic capability, since fragments were found in the intercellular spaces (Jurisicova et al., 1996) .
In this context, we hypothesized that fragmentation, whatever that might mean, should imply releasing of nuclear and/or mtDNA into the culture medium.
The objective of our study was to explore the presence of cell-free DNA in embryo culture medium and to investigate whether DNA profiles were correlated with embryo morphological features.
Materials and Methods

Embryo culture and medium collection
After ICSI, normally human fertilized oocytes were individually cultured from Days 1 to 3 into Sydney IVF Cleavage medium (Cook Medical, Australia) and incubated at 378C in a humidified atmosphere of 6% CO 2 and 5% O 2 using Galaxy 48R incubators (New Brunswick Scientific, Edison, NJ, USA). Spent embryo culture media were collected after embryo transfer or cryopreservation on Day 2 (n ¼ 166) or Day 3 (n ¼ 634). The media were immediately frozen into batch-certified, sterile, PCR clean (free from DNA, DNase, RNase and PCR inhibitors) tubes (Eppendorf, Hamburg, Germany) and stored at -208C until nucleic acid purification.
Appropriate precautions were taken to prevent contamination of samples by extraneous cells or DNA. Specifically, culture medium collection and further analytical procedures were performed using sterile, PCR-clean filter tips with a two-phase filter for contamination protection from aerosol and biomolecules for both pipette and sample. During each experimental step, laboratory personnel wore gloves and coat, and physical isolation was guaranteed by working in clean air hoods.
Ethical approval
Each couple whose embryos were enrolled into the study signed a written informed consent. The study was approved by the San Martino Hospital Ethical Committee (approval no. 11/2011).
Quantification of double-stranded DNA
Total double-stranded DNA (dsDNA) was quantitatively assessed in spent embryo media by Quant-iT TM PicoGreen dsDNA reagent (Molecular Probes, Inc., Eugene, OR, USA) using EpGradient Realplex PCR System (Eppendorf). Briefly, 10 ml of eluate were placed into a white-well Tweentec w plate (Eppendorf). Ten ml of diluted (1:200 dilution in TE buffer) Quant-iT TM PicoGreen dsDNA reagent was added to each sample and DNA standards (1.6, 0.8, 0.4, 0.2 and 0.1 mg/ml Human genomic DNA (gDNA), Promega, Madison, WI, USA). After subtracting the fluorescence value of the reagent blank (Cleavage medium) from that of each of the samples, we determined the DNA concentration of samples from the standard curve by plotting the concentration of DNA standards (mg/ml) (x-axis) against the fluorescence reading (y-axis).
DNA purification
Cell-free DNA was concentrated and purified from preimplantation embryo media by using the QIAamp w Circulating Nucleic Acid kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions, except adding carrier RNA to Buffer ACL. Briefly, 50 ml Proteinase K and 400 ml Buffer ACL (without carrier RNA) were added to each embryo culture medium (400 ml). After pulse vortexing for 30 s, the lysis mixture was incubated at 608C for 30 min in a ThermoStat Comfort (Eppendorf). The highly denaturing conditions at elevated temperatures ensured inactivation of DNases and complete release of nucleic acids from any bound proteins. After adding 900 ml Buffer ACB to the lysate, the sample was incubated for 5 min on ice and then transferred onto a QIAamp Mini column. Cell-free DNA was adsorbed onto the silica membrane as the lysate was drawn through by Cell-free DNA in human embryo culture medium centrifugation at 8000g for 1 min. Contaminants were efficiently washed away during three wash steps (in Buffer ACW1, Buffer ACW2 and 100% ethanol). Finally, DNA was eluted in 50 ml Buffer AVE and stored at 2208C.
Amplification of gDNA
The gDNA was amplified by using the GenomePlex w Single Cell WGA kit (Sigma-Aldrich, St. Louis, MO, USA) according to manufacturer's procedure. This Whole Genome Amplification (WGA) utilizes a proprietary amplification technology based upon random fragmentation of gDNA and conversion of the resulting small fragments to PCR-amplifiable OmniPlex w Library molecules flanked by universal priming sites. Amplified products were purified with the GenElute w PCR Cleanup kit (Sigma-Aldrich) and eluted in 50 ml TE buffer. Negative (no template) control was run with each batch of samples.
The WGA DNA was run on RNA 6000 Nano LabChip w (Agilent Technologies, Santa Clara, CA, USA) using the mRNA Smear Nano program (mRNA Nano assay in the BioAnalyzer Expert 2100 software) (Fig. 1A) .
Amplification of mtDNA
Specific amplification of human mtDNA from total DNA purified from embryo media was performed by REPLI-g Mitochondrial DNA kit (Qiagen). Briefly, DNA was denatured by incubation in REPLI-g mt Reaction Buffer for 5 min at 758C. Then, REPLI-g DNA polymerase was added and an isothermal multiple displacement amplification proceeded overnight at 338C. The amplification products were visualized running 1 ml of the final reaction on an RNA 6000 Nano LabChip w (Agilent Technologies) using the mRNA Smear Nano program (mRNA Nano assay in the Expert 2100 software) (Fig. 1B ).
Detection and quantification of gDNA
The gDNA purified from spent media was detected and quantified by quantitative PCR (qPCR) using primers that specifically amplify a single copy region of non-trascribed DNA (Primer-Design Ltd, Hants, UK). Reaction mix was carried out in 15 ml containing 3 ml of sample template (elution product of the QIAamp w Circulating Nucleic Acid kit), 2.5× RealMaster Mix Probe (5Prime, Hamburg, Germany) and 20× primer/probe mix. The thermal cycling conditions were 958C for 2 min, followed by 50 cycles of 958C for 15 s, 508 for 30 s and 728C for 15 s. Reactions were set up in 96-white-well Twin.tec w plates (Eppendorf) by means of EpMotion 5070 Liquid Handling Workstation (Eppendorf). All reactions were performed in duplicate on the Mastercycler w epRealPlex 2 S system (Eppendorf). A negative control (RNAse/DNAse free water) was included in each run. The gDNA concentration of the sample was determined by six-point standard curve (from Figure 1 Representative tests assessing dsDNA, gDNA and mtDNA in embryo spent medium: (A and B) microfluidic electropherograms and gel-like images (mRNA Smear Nano program in the Expert 2100 software for RNA 6000 Nano LabChipw assay on BioAnalyzer 2100 instrument, Agilent Technologies) of gDNA (A) and mtDNA (B); (C) real-time quantification plots and corresponding melting curves performed after amplification of ND-1 mitochondrial gene and (D) real-time quantification plots and standard curve to calculate gDNA amount. 50 ng/ml to 5 pg/ml) generated by plotting the concentration of human gDNA (Promega) against the quantification cycle (Cq) determined by the RealPlex software v. 2.2 (Fig. 1D) .
Detection of mtDNA
The recovery of mtDNA from spent media was assessed by ND1 gene amplification by the SYBR green method. The primer sequences were as follows: forward primer (ND1-F): 5 ′ -CCCTAAAACCCGCCACATCT-3 ′ ; reverse primer (ND1-R): 5 ′ -GAGCGATGGTGAGAGCTAAGGT-3 ′ . The reaction mix in a total volume of 13 ml contained 2.5× RealMaster Mix SYBR ROX (5Prime), 70 nM of ND1-R and ND1-F primers and 4 ml of sample template (elution product of the QIAamp w circulating nucleic acid kit). Cycling conditions were as follows: 958C for 2 min, 40 cycles at 958C for 15 s and at 608C for 1 min, followed by a melting curve (ramping from 60 to 958C in 20 min) to ensure the presence of the specific amplicon (Fig. 1C) .
Quantification of mtDNA
The amount of mtDNA was measured by a relative copy number quantification as previously described (Bonomi et al., 2012) , with some modifications. Specific primers/probe mixes were used to amplify a fragment of the mitochondrial MT-7S D-loop region (FAM assay for Hs02596861_s1; Life Technologies) and a fragment of the nuclear genomic RNAse P (FAM assay, Life Technologies, Carlsbad, CA, USA). In order to have comparable efficiency rates, we used 0.5 ml and 0.4 ml of 20× primers/probe mix for gDNA and mtDNA PCR, respectively. Reactions were set up in 96-white-well Twin.-tec w plates (Eppendorf) by means of EpMotion 5070 Liquid Handling Workstation (Eppendorf). All reactions were performed in duplicate on the Mastercycler w epRealPlex 2 S system (Eppendorf). PCR reactions were performed according to standard conditions for TaqMan w assays: 958C for 10 min; 40 cycles at 958C for 15 s and 608C for 1 min. A negative control (RNAse/DNAse free water) and a positive control (gDNA, Promega) were included in each run. PCR efficiency of each assay was calculated from the given slopes in RealPlex software (Eppendorf). For each sample the PCRs for mtDNA and gDNA were always performed on the same plate to avoid possible plate bias. The corresponding qPCR efficiencies (E) of one cycle in the exponential phase were calculated according to the equation: E ¼ 10 [21/slope]. Both investigated genes showed comparable, high efficiency rates (MT-7S: 1.02; RNAse P: 0.91) in the range from 20 ng to 2 pg DNA input with high linearity (Pearson correlation coefficient, R 2 ¼ 0.999 for MT-7S and 0.987 for RNAse P). RealPlex software was used to determine Cq and for each reaction the duplicate Cq values were averaged. The relative amount of MT-7S to RNAse P was determined using the equation 2 2dCq , where dCq ¼ (Cq MT-7S -Cq RNAse P ). Experiments were performed blindly with regard to the sample type.
Statistical analyses
For each embryo whose culture medium was analyzed, we collected data about its morphology and cleavage stage. t-test was performed using MedCalc w software (Mariakerke, Belgium) in order to define the average amount of cell-free DNAs for each class of embryos defined according to conventional morphological grading system (Alpha Scientists in Reproductive Medicine and ESHRE Special Interest Group of Embryology, 2011) and embryo fragmentation rate. The results were considered statistically significant at P , 0.05.
Results
Characterization of cell-free DNA Different independent tests assessed the presence of cell-free DNA into 800 embryo culture medium and, for the first time, we demonstrate that both gDNA and mtDNA are detectable in the secretome of human embryos (Fig. 1) .
Proof-of-principle array-CGH experiments gave firm evidence that DNA released by embryos was being analyzed and not potential contaminating DNA from the mother or from laboratory personnel who were all females (Supplementary data, Fig. S1 ).
The DNA release process was active as early as culture Day 2, with a similar rate of release on Days 2 and 3. Spent culture media contained minute amounts of total dsDNA, from 0.9 to 5 ng (average: 3 ng).
In a subset of 326 samples we measured both gDNA and mtDNA. In 121 out of 326 (37%) samples gDNA was not detected; where present the gDNA content ranged from 41 pg to 1.8 ng. Linear whole nuclear gDNA amplification allowed assessing its size from 100 to 1000 bp with the mean size 400 bp (Fig. 1A) .
As regarding mtDNA, there were large variations of mtDNA content among media and the mtDNA/gDNA copy number ratio ranged from 5 to 5221 (average: 394, n ¼ 322). The mtDNA was not found in only 4 out of 326 (1.2%) samples. We directly compared gDNA and mtDNA levels by qPCR. In all samples where mtDNA was present, Cq MT-7S was lower than Cq RNAse P, thus showing that all media had a higher content of mtDNA than gDNA.
Integration of embryo's parameters and amount of cell-free DNA First, each embryo was morphologically scored by combining the number and size of blastomeres, the degree of fragmentation and the cleavage rate (Alpha Scientists in Reproductive Medicine and ESHRE Special Interest Group of Embryology, 2011). According to these morphological criteria, optimal Day 2 (44 + 1 h post insemination) and Day 3 (68 + 1 h post insemination) embryos had four and eight equally sized mononucleated blastomers, respectively, with ,10% fragmentation. In our cohort of samples, 539 were grade A embryos, 179 grade B and 84 grade C embryos.
Secondly, we retrospectively defined correlations among cell-free DNA profiles and embryo quality. The amounts of cell-free DNA appeared larger in spent media of embryos with fair and poor morphological score compared with those of high-grade embryos, although the difference was only statistically significant for dsDNA (P ¼ 0.0452, Fig. 2 ). This could be due to the smaller sample size available for gDNA and mtDNA (326 versus 800 embryos).
Then, we focused on embryo fragmentation. Since it is a dynamic phenomenon, morphologically estimation of the relative proportion of the embryo that is fragmented can vary between Days 2 and 3. Therefore, for embryo scoring we took into account the highest incidence of fragmentation observed during embryo cleavage process. Intriguingly, DNA concentrations in the media were significantly associated with the extent of fragmentation. Specifically, media from fragmented embryos had higher dsDNA and mtDNA contents than those from embryos with a mild (,5%) degree of fragmentation (dsDNA: P ¼ 0.0010; mtDNA: P ¼ 0.0247) (Fig. 3) . Although gDNA showed a similar trend in this case the difference was not statistically significant.
Integration of embryo morphology, DNA profiles and maternal age
In the present study, 263 embryos were derived from oocytes collected from women who were ≤35 years old (average: 31.5 years, range 23 -Cell-free DNA in human embryo culture medium 35) and 539 embryos from women .35 years old (average: 38.4 years, range: 36-43). The incidence of fragmented embryos was almost the same in the young and in the old group (44% versus 43%, respectively, P ¼ 0.8, x 2 test). Analysis of DNA profiles depending on maternal age disclosed that culture media of embryos generated by older women had more dsDNA (P ¼ 0.0010, Fig. 4A ), represented by mtDNA fraction (P ¼ 0.0189, Fig. 4B ), than those from young women. In contrast, the gDNA content did not significantly differ between the two groups of embryos (data not shown). Thus, maternal age affects release of DNA into the medium and for embryos generated by women Figure 2 Bar graphs comparing the amounts of total dsDNA (A), mtDNA relative copy numbers (B) and amounts of gDNA (C) between spent media of top (grade A) and low (grades B -C) quality embryos at Days 2 and 3 using Student's t-test. Data are means + SE. *P , 0.05. Figure 3 Bar graphs comparing the amounts of total dsDNA (A), mtDNA relative copy numbers (B) and amounts of gDNA (C) between spent media of embryos with less or more than 5% fragmentation at Days 2 and 3 using Student's t-test. Data are means + SE. *P , 0.01, **P , 0.05.
.35 years of age we found a positive correlation between fragmentation, dsDNA (P ¼ 0.0051, Fig. 4C ) and mtDNA content (P ¼ 0.0149, Fig. 4D ). For embryos of young women we observed the same trend, although the DNA profiles did not differ significantly (data not shown).
Discussion
Fragmentation is a common feature of human embryos after IVF and during culture. Although a number of hypotheses have been proposed to explain the origin of fragmentation in embryos, whether fragments are apoptotic bodies or necrotic blastomeres, or both, remains to be definitively elucidated (Fujimoto et al., 2011) . The present study focuses on this important aspect of embryo morphology from a perspective other than that used traditionally. We started from the hypothesis that fragmentation, whatever that might mean, should imply the release of nuclear and/or mtDNA into the culture medium. This work demonstrates for the first time the presence of cell-free DNA in spent embryo culture media and establishes a positive correlation between DNA profiles and embryo fragmentation on Days 2 and 3 of development.
We found that 99% of spent media contained DNA, thus indicating that the release of nucleic acids by cleaved Day 2 and 3 human embryos is a common phenomenon. It is known that extracellular nucleic acids are released into the medium by eukaryotic cells (Morozkin et al., 2004a) and tissue cultures (Morozkin et al., 2004b) . They occur ubiquitously and are bioactive in living organisms (Vlassov et al., 2007) . Moreover, multiple studies have shown that both intact fetal cells and circulating fetal cellfree nucleic acids circulate in maternal blood (Bianchi, 2004) .
A criticism about the release of nucleic acids by embryos during early development may arise from the presence of zona pellucida, a glycoprotein membrane that surrounds mammalian oocytes and preimplantation embryos. The zona pellucida supports communication between oocytes and follicle cells during oogenesis, regulates interactions between oocytes and sperms during and following fertilization and protects oocytes and embryos during development (Herrler and Beier, 2000) . The zona pellucida of embryos consists of a coarse-grained inner layer inside a thicker internal layer and a fine-grained peripheral cortex (Green, 1997) . It is a highly porous structure and very large molecules, like ferritin, immunoglobulins and even viruses, are capable of passing Figure 4 Bar graphs comparing the amounts of total dsDNA (A) and mtDNA relative copy numbers (B) between spent media of embryos generated by women ≤35 or .35 years of age. The lower panels of the figure display values of amounts of total DNA (C) and mtDNA relative copy numbers (D) in spent media of embryos with less or more than 5% fragmentation at Days 2 and 3 generated by older women. Data are means + SE using Student's t-test. *P , 0.01, **P , 0.05.
Cell-free DNA in human embryo culture medium through it (Hastings et al., 1972; Sellens and Jenkinson, 1975; Wassarman, 1998) . As the embryo is covered by the zona pellucida until immediately before implantation, in vivo all signals of embryo-maternal signaling have to pass the zona. In fact, oviductal, uterine and embryonic proteins are incorporated into the zona during embryonic development (Herrler and Beier, 2000) . Whether a molecule is able to penetrate the zona, whether it accumulates within the zona or whether it is rejected by the zona depends on its physicochemical properties, including electric charge, size of conjugated aromatic groups and hydrophilic -lipophilic character (Turner and Horobin, 1997) . The resulting model suggests that most biologically active molecules and metabolites can pass through the zona pellucida unhindered and enter the embryo with ease. Accessibility of the zona pellucida to nucleic acids cannot be predicted using such a model, since they are able to undergo intermolecular interactions. Intriguingly, permeability of the embryos to DNA has been demonstrated by the comet assay, which could be successfully performed without removal of the zona pellucida, because this membrane did not disturb the migration of DNA particles during gel electrophoresis (Takahashi et al., 1999; Chi et al., 2011) .
In the present study, quality control of nuclear DNA fraction purified from spent media showed that cell-free gDNA had a low molecular weight. Although we were unable to discriminate whether the DNA fragmentation was due to necrosis or apoptosis of blastomeres, the absence of gDNA in 37% of analyzed samples indicates that apoptosis, or apoptotic secondary necrosis, or primary necrosis do not always affect blastomeres during the first stage of embryo development. In contrast, almost all spent media had mtDNA and its content was always higher than gDNA, thus suggesting a frequent loss of cytoplasm from blastomeres. This event may be part of the homeostatic regulation of the lineage that gives rise to the blastocyst and then to the fetus (Hardy et al., 2003) and it could also be related to the extrusion and reabsorption of fragments into the blastomeres.
Analysis of DNA profiles of spent media in relation to embryo morphological grading demonstrated that release of nucleic acids is associated with poor embryo quality during cleavage process. Despite the detection of dsDNA, gDNA and mtDNA into culture medium of embryos with fair and poor rating, on the basis of our current data we found no positive correlation between embryo score and DNA profiles. Intriguingly, we found a significant association between DNA release and fragmentation of embryos. In fact, culture media of not-fragmented embryos or embryos with a mild degree of fragmentation (,5%) contained less DNA when compared with that of fragmented embryos. Specifically, moderate (10-25%) and severe (.25%) fragmentation correlated with high level of total dsDNA (P ¼ 0.0010), mostly represented by mtDNA (P ¼ 0.0247). Spent media from fragmented embryos showed also higher nuclear gDNA content than those from embryos with a mild degree of fragmentation, although without achieving statistical significance.
Moreover, we examined the effect of maternal age on mtDNA release in culture media. Oocyte age-associated deterioration in both the quality and quantity of mitochondria occurs in older women. These dysfunctions, together with other age-related issues, including chromosomal aneuploidies and incidence of apoptosis, may cause a high level of developmental retardation and arrest of preimplantation embryos (Bentov et al., 2011; Van Blerkom, 2011) . Maternal age has been debated also as a potential cause of increased fragmentation (Ziebe et al., 2001; Keltz et al., 2006) . In the present paper, we found an increase in mtDNA depletion with advancing maternal age and embryo fragmentation, although the incidence of fragmented embryos being equal in young and old women. It is noteworthy that all mitochondria in an individual are maternally inherited and during the preimplantation stages their number should remain relatively constant because replication is not initiated until after implantation (Pikó and Taylor, 1987; Jansen and de Boer, 1998; Harvey et al., 2007) . Thus, the evidence of a strict association between mtDNA release, embryo fragmentation and maternal age supports the hypothesis that the origins of fragmentation may be traced primarily to the oocyte (Fujimoto et al., 2011) .
On the basis of all data obtained in the present study, we argue that fragmentation would mirror formation of anucleate cytoplasmic fragments rather than apoptotic bodies, which would mainly cause release of gDNA. Loss of whole blastomeres and/or loss of cytoplasm from individual blastomeres is commonly considered detrimental for embryo development, since it means decreased embryo volume and depletion of organelles vital to subsequent embryonic development as mitochondria (Pereda and Croxatto, 1978; Lehtonen, 1980; Ebner et al., 2001) . In this context, the detection of mtDNA in culture media of embryos with perfect morphology, even though at lower level than fragmented embryos, is intriguing. In agreement with the previous report (Lin et al., 2004) , the overall release of mtDNA by in vitro embryos may reflect the flexible nature of mtDNA content that is needed to achieve a good embryo grade at the 4-and 8-cell stage. Because ATP production is important in early embryogenesis (Slotte et al., 1990; Pikó and Chase, 1993; Thompson et al., 2000) , a minimal level of mtDNA content may be needed for survival and subsequent development, in a modulated way. If such minimal level is maintained also in those fragmented embryos for which we detected high level of mtDNA into their culture media, remains to be determined. Therefore, further studies will be focused on investigating relationship between DNA profiles in secretome and embryo viability, i.e. blastulation potential and implantation rate, taking into account also the effect of maternal age.
In conclusion, results shown in the present paper are suggestive of embryo shaping by blastomere remodeling as an early event common to the majority of in vitro developing embryos. In addition to apoptosismediated removal of defective cells (Munnè et al., 1995; Hardy, 1997) , such process could play a homeostatic role, regulating cell number and preventing overgrowth, since there is no cell growth during cleavage (Lehtonen, 1980) .
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